Abstract. Antineutrino induced electron capture is a resonant process that can have a large cross-section for beams of monochromatic antineutrinos. We calculate the cross-section of this process and investigate an experimental setup where monochromatic antineutrinos are produced from the bound-beta decay of fully ionized radioactive atoms in a storage ring. If the energy between the source and the target is well matched, the cross-sections can be significantly larger than the cross-sections of commonly used nonresonant processes. The rate that can be achieved at a small distance between the source and two targets of 10 3 kg is up to one interaction per 8.3·10 18 decaying atoms. For a source-target distance corresponding to the first atmospheric neutrino oscillation maximum, the largest rate is one interaction per 3.2·10 21 decaying atoms, provided that extremely stringent monochromaticity conditions (10 −7 or better) are achieved in future ion beams.
Introduction
In ordinary electron capture, an electron from one of the s orbitals is absorbed by the nucleus, and a neutrino is emitted. If this process is energetically forbidden, it can be induced by an incoming antineutrino, a process called antineutrino induced electron capture (νEC) [1] . The crosssection is resonant, and with a monochromatic source of antineutrinos of the right energy, large cross-sections can be obtained. The case of the 3 H ↔ 3 He system is of particular interest since recoilless emission and absorption can result in a Mossbauer effect for neutrinos [2] [3] [4] [5] . Here we study the process for a large number of target nuclei, and propose to use bound-beta decays of fully ionized radioactive atoms as a source of monochromatic antineutrinos. Throughout the paper, we consider only nuclear allowed transitions, where the parity of the initial and final state nucleus are equal and the spins differ by at most one unit ofh. We indicate two possible experimental signatures: to observe the photons from the atomic de-excitation and the decay of the daughter nucleus.
Reaction cross-section of antineutrino induced electron capture
Antineutrino induced electron capture on a neutral atom can be described as:
where A Z X represents a nucleus with Z protons and A nucleons. The asterix on the final state atom indicates that the atom is in an excited state: after one of the inner electrons has been captured, an electron from a higher shell will fill the vacancy by emitting one or more photons. Since antineutrino induced electron capture is a two-body process with an unstable intermediate state, its cross-section has a resonant character, being largest when the centerof-mass energy Q is equal to the Q value of the target process Q t , and rapidly decreasing for other energies:
where S = 2J+1 (2S1+1)(2S2+1) , a factor depending on the spin J of the resonance and S 1 and S 2 , the spins of the two initial state particles. S is a factor of order 1, and we use the approximation S = 1. Γ is the total width of the excited atom, and Γ bβ is the width of the excited atom to decay back to its original state, through bound-beta decay. The calculation of Γ bβ is described in Appendix A.
The total width Γ of an atom with a vacancy of an electron in one of the inner atomic shells is dominated by radiative de-excitation. The most likely de-excitation of an atom with an electron vacancy in an s shell with a quantum number of energy n is an electric dipole transition from an electron in a (n + 1)p shell. We approximate this width as:
where α is the fine structure constant, m e the electron mass, and B the binding energy of the captured electron (defined positive) [6] .
The Q value of antineutrino induced electron capture on a neutral atom is:
where m( A Z X) refers to the mass of the neutral atom [7] . The antineutrino energy must be slightly higher than the Q value, since a small fraction of the neutrino energy is used for the kinetic energy of the final state:
All stable atoms, with halflife t 1/2 > 10 16 s, and a peak cross-section σ peak ≥ 5 · 10 −42 cm 2 for antineutrino induced electron capture from the 1s orbital are listed in Tab. 1. In Fig. 1 the peak cross-section for some elements are compared to the antineutrino-proton cross-section and the antineutrino-electron cross-section.
Cross-sections for electron capture from higher orbitals are calculated in the same way. While Γ bβ decreases as n −3 , the radiative width decreases as n −4 , and the peak cross-section scales linearly with n.
We find that the peak cross-section for antineutrino induced electron capture can be several orders of magnitude larger than the commonly used processes of scattering on protons or electrons. at those energies. However, the cross-section rapidly decreases outside a narrow energy window, and to exploit these large cross-sections requires a monochromatic source of antineutrinos.
Bound-beta beams
A possible source of monochromatic antineutrinos are radioactive nuclei that undergo bound-beta decay, a process confirmed experimentally in 1992 [8] . We consider fully ionized atoms, where the bound-beta decay fraction is largest due to the two available vacancies in the 1s orbital. In general, the Q value of the bound-beta decay will not exactly match the Q value at the target, even if the reactions involve the same nuclei, because of nuclear recoil and differences in electron binding energies. By accelerating the ionized atoms and storing them in a storage ring with straight sections, the Q value of any antineutrino source through bound-beta decay, Q s , can be matched to the Q value in the macroscopic target at rest, Q t , even for different reactions.
For bound-beta decay of a fully ionized atom we find:
where B tot is the total binding energy of all electrons of the atom [9] . B n,I is the binding energy of a single electron in orbital n in an otherwise fully ionized atom:
Q (eV) Since the Q values involved in beta decay are much smaller than the nuclear mass, the largest part of the energy release in bound-beta decay goes into the kinetic energy of the antineutrino produced:
Tab. 2 lists nuclei with Γ bβ /Γ cβ ≥ 0.2, and the dependence on Z and Q is illustrated in Fig. 2 .
The neutrino energy in the lab frame, Eν, is related to the neutrino energy at the source, Eν s , coming from the decay of an atom with speed β and boost γ = (1 − β 2 )
where θ ′ is the angle between the emitted neutrino and the direction of the atom in the frame of the decaying atom. In the lab frame, the angle θ between the neutrino direction and the decaying nucleus is related to θ ′ as:
To obtain the resonant neutrino energy of the target in the direction of motion of the source atoms (θ = 0), they need to be accelerated at a speed β:
The value of β may be positive or negative: a positive value of β corresponds to the target being positioned in the forward direction of the accelerated ions, a negative value of β corresponds to the target being positioned in the backward direction of the accelerated ions. The neutrino energy in the lab frame depends on the decay angle, and monochromaticity is only achieved for a limited range of angles. To produce neutrinos within a fraction x of the resonance width, the momentum of the beam is tuned such that the energy at θ = 0 is Eν t + xΓ and a target is used in the shape of cone with an angle θ where the incident neutrino energy is Eν t − xΓ . From Eq. 9 it follows that:
Cause of neutrino energy spread is also the momentum spread ∆p p of the ions in the storage ring.
∆Eν Eν , the resulting energy spread of the neutrinos, derived from Eq. 9, is ∆Eν Eν = ∆p p |β|,
which implies that for non-relativistic beams the energy spread of the neutrinos is much smaller than the momentum spread of the decaying ions. Requiring that the contribution from the momentum spread of the beam be negligible compared to the radiative width of the target corresponds to the following requirement on the ion beam:
If the momentum spread of the beam is not negligible, and we assume a Gaussian energy spread, the corresponding reduction in effective peak cross-section can be calculated as:
where y = ∆E Γ . This ratio for ∆E = Γ is 0.43 while it is 0.99 for ∆E = 0.05Γ . Accordingly the number of events in the last column of Tab. 3 and 4 should be scaled by these factors.
Interaction rates
We investigate possible experiments, where ionized radioactive atoms are stored in a storage ring with two straight sections, which produce the useful neutrinos, and two curved sections to allow continuous circulation of the atoms. Two targets are placed on the axis of the straight sections. To see whether these experiments are feasible, we make a set of simplifying assumptions:
-The length of the curved sections is neglected with respect to the length of the straight sections. -The size of the storage ring is taken to be negligibly small with respect to the targets. This results in a point source with neutrinos emitted in both directions. -The targets are presumed to be 100% pure isotope.
Several targets that we find promising have a natural abundance above 50%, others have natural abundance below 1% and a costly enrichment may be needed to reach the interaction rate quoted here. -The atoms in the storage ring are presumed to have zero momentum spread.
We consider two types of experiments:
-A demonstration experiment: two targets of mass m = 10 3 kg are placed as close as possible to the source. The targets have the shape of a cone with an opening angle of θ, corresponding to the zone of monochromaticity. The length of the targets depends on the opening angle and the density ρ of the element:
.
-An oscillation experiment: two targets of mass m = 10 3 kg shaped as truncated cones with a length equal to the distance between an oscillation maximum and an oscillation minimum L = If the volumes are too small to contain the masses, we reduce the target mass. If the volumes are larger than needed to contain the target, we reduce θ to increase the average cross-section over the target volume. where ε BW is the ratio of the average cross-section and the peak cross-section:
(17) The factor
corresponds to the fraction of neutrinos that traverses the target.
Apart from the interaction rate per decaying nucleus, we also put requirements on the number of interactions per unit of time per stored atom:
where τ is the average lifetime of the ionized atom. As an additional constraint, we consider the number of interactions per unit of energy needed to ionize and accelerate the atom: 21 decaying atoms. The rates we find compare favorably with the rates for other low-energy neutrino reactions. For example, antineutrinoproton scattering using reactor neutrinos at the first atmospheric oscillation maximum of 3 MeV anti-neutrinos requires 8 · 10 23 fissions per interaction for a target of 10 3 kg of pure hydrogen [11] , more than two orders of magnitude above the best configuration of Tab. 4. However, this advantage in rate is lost when one compares the flux: a typical nuclear reactor produces ≈ 10 20 fissions per second, while beams of future projects for beams of radioactive atoms are ≈ 2 · 10 13 decays per second [12] .
Another major challenge is the requirement on the beam monochromaticity. Tab. 3 and 4 indicate that a momentum spread of 10 −1 to 10 −7 is required for a demonstration experiment, while oscillation experiments require a beam monochromaticity of at least to 10 −7 . Beams of ordered heavy ions have been show to reach momentum spreads below 5 · 10 −7 [13] , and a transverse beam size of a few µm, [14] , but only at very low intensities of a few thousand stored ions. Three-dimensionally crystallized beams [15] could allow for higher intensity beams, but they have not yet been demonstrated experimentally.
A Bound-beta decay
The probability of bound-beta decay depends on the number of free orbits in the decaying nucleus, and thus on the level of ionization. The ratio of bound-beta to continuous beta decay depends on the overlap of the electron wave function and the nucleus [16] , and is non-negligible only for the s orbitals with zero angular momentum. For high-Z nuclei, relativistic effects have a sizable effect on the shapes of the orbitals, and we use the relation [1] :
where α is the fine structure constant, n f is the number of free orbitals at a given energy, n is the quantum number of energy, Q bβ is the energy release in a bound-beta decay, Q cβ is the energy release in a continuous-beta decay, and m e the mass of the electron. We calculate the Fermi integral for continuous beta decay f (Z, Q) relativistically and include effects of Coulomb screening:
where F (Z, T ) is the Coulomb screening function, depending on the atomic number Z and the kinetic energy of the electron, T . We use the relativistic Fermi function
where p is the electron momentum, S = √ 1 − α 2 Z 2 , η = Zαβ −1 , and R the nuclear radius, approximated by R = 1.2 fm/(hc)A 1/3 . 
